
REPORT 1025

EXPERIMENTAL AND THEORETICAL STUDIES OF AREA SUCTION FOR THE CONTROL
OF TKt3 LAMINAR BOUNDARY LAYER ON AN NACA 64AO1O AIRFOIL’

By ALBEET L. BEMJLOW, DALE L. BUSRO WS, XEAL TETERYIS, and FIORATANTE I“LSCOSTI —

SUMMARY

A low-turbulence m“nd-tunnel investigation UXMmade. of an.
.’$!~~~ 64AO1O a?)’foil huring a porou8 surjiace to determine
the reductz”onin section.total-drag coqfieient that might be ob-
tained at large Reynold8 number8 by the u8e of suti”on to
produce continuous in$ow through. the surface of the airfiiil
(area 8uction.1 In addition. to the experimental incestigat-on,
a Te[ated theoreticalana[yei.s wa8 made to prouide a basi8 of
comparisonfor the testremdts.

Full-chord tarninar $OW was maintained by application of
areasuction up to a Reynolds number of appro.xim.ately.!?0XIOO.
At this Rt?yno[d8number, combined wake and suction drags of
the order of S8 percent of the dragfor a 8mooihand faiT A%C!!4
644010 airfoil without boundary-laye~ control were obtained.
The minimum experimental calue8 of suction-$ow coejioientfor
fu[l-chrd Lztninar$w were of the 8ame order of magnitude. as
the theoreticalrahw8 and decreased with an increase in Reynold8
number i-nthe same manner as the thoreticaJ ralue8. It seems
likelyfrom the results that attainment offull-chord laminar.flow
by means of mmtinuoussuch.onthrough a pormc.aswnfacewill not
be precluded by afurther increaae in Reynofi nwnber prol~ided
that [he airfoil surfaces are maintained suj%iendy smooth and
fair and prouided that outj70wof air through tlM surface i8
prerented.

Although area suction’UXMkble to orercome the destabilizing
e~ects of an adrer8t?preeeure gradient 8uch as that which occur8
OWTthe rear portion of an airfeit, area suction dom nat appear
to stabilize the boundary layer completelyfor relativelylarge dis-
turbances wch a8 thoseIAM might be cW8ed by protwherance8
that hare a height conujarable to the boundary-layer thickness.

INTRODUCTION

The stability theory for the incompressible Iaminar.
boundary layer is an analysis of the damping or amplifica-
tion of vanishingly and t-wo-dimensiomd aerodymunkdy
possible disturbances in the boundary l%yer (reference 1).
A possible defiition in the phpical sense of a snd dis-
turbance is one that does not produce transition from Iaminar
to turbulent flow at its origin in contrast with a Iarge

disturbance, which does cause immediate transition. SmalI
disturbances may either ampIify as they progress dovrn- -.
stream and e-remhdy grow huge enough to cause tnrbuknce _.
or they may be damped and cause no chtinge“in the down-
stream flow; if smtdl. disturbances of W frequemies are ‘-
damped rather than ampli5ed, the kuninar boundary layer “
is considered stable (reference 2].

Theoretical irrrestigationshave been made of the character- “ ““
istics of flows past a flat plate through wbic.h there is a small
nornud doc.ity and, in addition, the stabili~ theory h&
been used to ca.kxilatethe stability of the Iaminar boundary
layer for this type of flow. EsampIes of some of this th- _
reticaI work. can be found in references 3 to 7 and in British
work (not generally awdable). The results of these amdy-
sea indicate that a small normal w40eity into the surface
at sJIpoints aIong the surface has a huge stabilizing effect on
the Iaminar Iayer. Inasmuch as there appear to be no data
that show this effect experimentally, an investigation of the
effect.of area suction on the boundary-Iayer stabili~ is being -
made h the LangIey Iovr-turbulence pressure tunneL Three .—
suction arrangements were investigated on an NACA 64!LO1O
airfoiI that had porous sintered-bronze surfac=. Measure
ments were made up to a Reyuolds number of appro.ximately
20X 108 and included wake drags, suction-flow quantities, .
Suctiori losses, and a fevr boundary-layer velocity profiles.

In order to provide a basis of comparison for the measured .
suction flows, the stability of the laminar boundmy layer
was calculated for two important- cases of chordtise suction
distribution for the test airfoiL Theoretical results are dso –
presented for a flat p~atewith uniform suction. The mIcu- “”-
lations were made by combining Schliohting’s theory for the ‘-
computation of the Iaminar boundary Iayer (reference S)
with Liu’s theory for the determination of the stability of the .
Iaminar velocity prolile (reference 1). Suction quantities
necessary to keep the boundary layer neutrally stable at alI
points along the airfoil chord were cEJcuIatedfor Reynolds
numbers of 6X10e, 15X10E, and 25X10E. The minimum ..:
suction quantities required to keep the boundary layer”stabIe
vreqe obtained dso for the case where the Mow ~elocit.y -
is constant over the entire surface. --

[ Sopersedee N-ACA TN- 1605,“ExperbnentaI end Thwretfcai Studfes of Area SnatfonforW ControI tithe Lanfnru Bomdorg Iayer on a Porens Brooze A-ACA WAOIOMrfoll” b~ Dafe
L. BnrreKs, Allwt L. Bmfrm, end X-eel ‘f?et~ f.949,end A-AOA TN 2u2, “I?urther Esperirnentd Studies M&w Snetfm for t~ CeniroI of the ~ BounderyLnyerona Rmms “.
BronzeX’ACA 6-!AO1O.AirfoWby Albert L. Braslow snd Ii%ravtrnte Tmon’& U.
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SYMBOLS

section angle of attack
airfoiI chord
span of porous surface
distance along chord from.leaclingedge of airfoil
distance along surface from leading edge of

airfoil
die,tancenormal to surface of airfoil .
fre~stream mass density
free-stream velocity -”-

free-stream dynamic pressure (; POU02) -

locaI velocity pmallel to surface at outer edge
of boundary layer

local velocity parallel to surface
boundary layer

total quantity rate of flow through
surfaces

and imicle

both airfoil
--

‘*“()‘uctlOn-ffO~vcOaclcnt bcUO
free-stream total preeswre
total pre9sure in model interior
local static prwsure on airfoil surface

(Ho-p)airfoil prewure coefficient —
00

free-stream Reynolds num~er-based on airfoil
chord

suction-air pressure-loss coefficient
F%%)--

section wake-drag coefficient
section suction-drag coefic.ient (CQC’P)
section totakh’ag coefficient (~~,+ cdW)

displacement thickness (J”(l-&)do

kinematic viscosity
vdocity through airfoil surface (for suction.

UO<O;for blowing, %>0)
static pressure chop across porous surface

(Id)porosity factor, lengt112 1’0 @

absolute viscosity
ti~icknemof porous nlaterial

(reference 8j -- “– “-.

function of li.and k, (reference 8)

(reference 8) .

(reference) ““- “ “--

FOR AERONAUTICS

profile shape parameter (rdercnce 8)

(reference 8)

measure of boundmy-l!yer thielincsa (refer-
ence 8)

velocity of disturbance in boundary ltiyw
value of RJ. at which disturlxmcc is nci~lwr

damped nor amplified

MODEL

Photographs of the 3-foot-chord by 3-foot-spml modrl
mounted in the Langley Iow-turbulence prmsurc hmnd m
presented as figure 1. ‘Me model was formed to the NACJ\
64.4010.profile, ordinates for which are prcsentwl in refer-
ence 9.-” The theoretical pressure distribution of tl~isairfoil
at zero angle of attack is presented in figure 2.

A sketch showing the details of the model comt ruclion is
presented as figure 3. The model wtis wmstrurtwl with two
hollow cast-aluminum end sections which wwc nmchined to
contour and connected to tin under-contour hollow ccntrr
casting that served as a base support for tlW bronze skin.
The skin was directly supported on a.cbordwisc nmngcmm[
of !i-inch spanwise rods which were at[tichd to h uDdw-
contour casting. The Aordwise lomt ions of tIwsc IWISMY*

(s) Leading dre.

(b) ‘llailhg edge.

FICXPJ L-X”.4C.4 04AOI0airfoil modd with porous sIntrrcd-tnmnzc surfwr mwkd for
awmmtlon ~tudhsin LangleyIow-turbnlmcawswo tunnd.
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shown as figure 4. This arrangement of supporti rock, in
which the rods made essentially line contact with the skin,
was intended to provide as much open area as powible on the
inner side of the skin so that very little of the skin would be
blanked off from the suction flow. The center casting was
perforated with l-inch holes over the center portion and
l-inch slits at the model leading and trahg edges to provide
a passageway for the air from the skin into the inner chamber
of the ho~ovi casting. This mode~ configuration is herein
referred to as con6guration 1.

The model was made such that the chordwise flow could
be altered by installing orifices in the model base casting as
shown in figure 4. Flow between compartments formed by
the %-inch rods could be prewuted by sedi.ng the roda to

I ,

0 .2 “ .4 .6 .8 m
4C

l?mm Z—ErhrneI-pressureEM sazc+ion-preemredhkibntkms-fmWJMUSbrom xA~4
64.4010OIrfoilmedel. aa-OO.

the skin viith rubber cement. The model arrangement -with_ _=
ofices and compartment seal is referred to hwe~ = con-
figuration 2. A photograph which shows model conf@ra-
tion 2 with the skin removed is show-nas fgure 5.

For configurations 1 and 2, the upper and lower surfaces
of the 13-inch center section of the”span were constructed
from a continuous sheet of porous sintered bronze with a
single spanwiae joint at the model trailing edge, which was ““”~
fastened onIy at the spamvise edges to %-inch inner end ‘ _
pktes; coneequently, a 12-iuch span of the skin was left open
to suction. In order to prevent outflow from the upper and
lower leading-edge compartments, the leading+dge skin of _.
configuration 2 was saturated with lacquer for a distance of

(. -J
1 inch ‘=0 098 from the leading edge on both upper and

lower surfaces.
A third suction arr~ement was iwestigated (conflgum- ,.

tion 3) wherein the orifices m the model base casting were
removed and a low-porosity skin was installed. FIOW be- ~

tween compartments W= not prevented by sealing the rods
to the skin. TWObronze sheets were used to form the center - ~
part of the airfoiI surfaces from the trailing edge to the ~
2-percent-chord station. A sheet of durahunin -wasformed -
around the leading-edge contour and butted to the bronze. ... .
The skin was fastened at the butt joint in addition to being
fastenecl along the spanwise edges to the %-inch inner end= ~
plates; the leading edge was gla.zed and faired with hard-
drying putty up to the ~-percent-chord station.

The same sintered-bronze sheet me used in configurations ‘--
1 and 2 and was fabricated of sphericaI bronze powder that””-—
was specified to be smaIl enough to pass through a 200-mesh
screen but too large to pass through a 400-mesh screen.
The thickness of the sheet -wasfound to vary about +0.010” “~
inch from a mean of 0.080 inch. The sintered-bronze sheets
of configuration 3 mere approximately 0.090-inch thick and

—-—..——-,-—. -- ---- -- . ----- —. .-..---- --”.

.---.. .

To tfokr ~.

..
4

-<

Lkd end ,itJ. “ -

.. . . -“~”= ~L-T?L-==1 :
.——.. .-- . . ..— — .—— —----- . -—

~IGUBE8.-CCWMtlUCti0Uof POI?XISkronreX-AC&E4M10 aktdl model.
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.ThrottJngorlf~es (usedU@
: m carpurimsnfed-model

I+?eh ho/es., ;’
t c77m7gwzw7fica+tjwratb 2)

..

Cqomfmen#--

0 .2 ““ .4 .6 , .8 ~ Lo
z/c –

CompOrtnrent Ortrh drifl she
1 m
2 19
8 w
4 al
5 m
6 30
7 xl
8 M
!4 $3

10 m
11 30
12 30
13 al
14 m-
16 al
10 }~tr

17‘ +.&l

18 ~11

19 31
m al
21 91

FICtURi4.–Chordwlw locations of ~pfic M& fmd t~t~ ~fl~ of ~~ brom NACJA 64AO1OairfriI model.

FICWREE.-NAOA 64AO1OalrfoU mcdel whir wow slntered.bronre surfrrcerernowi

were fabricated of spherical bronze powder which was small
enough to pass through a 400-mesh screen.

The porosity of the sintered-bronze material was such
that the flow quantity varied directly ~i’iththe pressure drop,
as is characteristic of dense filt.era. With air at standard
conditions the measured porosity of the skin of configurations
1 and 2 and the. skin of con6guration 3 was such that an
applied suction of 0.06 and of 1.84 pounds per square inch,
respectively, induced a velocity of 0.5 foot per second through
the material; thesevalues amount to porosity factors CCOequal

to 1.44X10-~0 and 0.0525X10-10 square foot which are
independent of the materiaI thickness and the viecotity and .
density of the flow medium provided thut the flow through
the material is purely viscous. The outer surfaws of lhc
sintered bronze were sanded to reduce local surface irregular-
ities with a resultant demase in porosity at local points
because of a “smearing over” of metal particIcs. Frequent
vacuum cIeaning of the surfaces ehrninatcd ltirgc chn.ngcs in
the porosity with time because of dust cIog.

Photmnicmgra.pha of the sanded skin of configurations 1
and 2 are presented as figure 6 to give a visual indication of -
the porosity. Figure 6(a) is representative of about 80
percent of the sanded surface. Figures 6 (b) and O (c) indi-
cate the amount by which tho metal was smeared m a result
of excestie sanding on poorly sirdered arms. Less sanding
was required for the skin used on configuration 3 inasmuch
as the original surface texture was much Ixttcr than thut of
configurations 1 and 2. Porosity measurcmenta made nftm
sanding, however, indicated that the average porosity fur the
whole s&foil was not affected apprecinl}ly by the sanding
operations,

Aa a result of a low modulus of elasticity of the material
and the variations in thickness, the airfoil contour of con-
“kgurations 1 and 2 as tested was quite wavy. AbsolutL*
variationa from the true profile were not measured; howcwcrj

. —
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. ——- ..— .——----

L-60560

(a) Representative of appwxbnatdy $) p+rmnt titotslnrea.

FmcBs 6.—Photomfqa@s ofsmded 6tutered-bronze smfaea M tested.

a relative vravinex survey was made at various spanwise
stations with a three-point ‘indicatingmechanism (fig. ~). An
estimate of the degree of waviness of the bronze surface may
be obtained by Coxnp<hringthe profiles for the bronze surface
with the profiles of the cast-ahuninum end sections; the
profles of the end sections varied no more than +0.003 inch
from the true airfoiI profile. h’o waviness survey was made
on model configuration 3; however, the surfaces were some-
what smoother and fairer thm the surfaces of configurations
1 and 2.

APPARATUS AND TESTS

The model was teated in the LangIey low-turbulence pres-
sure tunnel snd was mounted as shown in figure 1. A
detailed description of this tunnel is given m reference 10.
Flow measurements for the suction air were made by means
of an orifice pIate in the suction duct. Th.&suction flow
ims taken t~ough one of the model end plates and was

“ regulsted by varying the blower speed and the diameter of
the ofice which was used to measure suction flow.

A static-pressure tube was used to measure the suction
pressure in the inner compartment of the center casting.
Srnce the velocity was Iow, the meaaured static pressure
was very nearly equal to the total pressure. These data
were used to obtain the totrd pressure lost by the suction
air in psssing from the free stream to the inner chamber of
the modeI and were slso used to give an indication of OUMOW
which occurred when the pressure inside the model was
greater tlum the Iovrestpressure on the airfoil surface.

.—

1

L-60561

~ inch
8

w
—.

(b) Represmtat[wof appmxfnwtely 19 pem?nt of wtaf area.

FmrRE 6.-Contfnue&

.—

L-60562

: Loll- Do

(c) Representative Ofawoximately 1 percent of tataf area.

??KKEE6.—Concluded.
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G-
—

Left – R@h+
S@nwke dstance from madel centerAbe,FL

FImEE &-SpmtrLw mriath of sedion mke.dmg weftkkti on pwoas brome N-ACA
ff4AOI0airfoLlmadel hr three ReynoIds nrrrnbers and .simffon-flow me5dents. --0”:
comlgumtfon X

For configurations 1 and 3, the skin was the only resistance
to the suction; thtit is, air passages betwea the skin and the
inner chamber were large enough to make the internaI Iosses
Iow in compansou with the pressure drop through the s@n.
The use of flow-control o~ces in each eompartmmt of con-
figuration 2 had the diiadwmtage that any one set of oriiices
such as shown in figure 4 was abIe to produce a near-uniform
ehordwise inflow distribution only at free-stream ReynoIds
nnmbem below the design due, which for this case was
6.OXl@. ATOattempt was made to measure the flow in
each compartment bemuse of the exploratory nature of the
tests. To obtain an indication of outiow through the skin,
however, the suction prewmrewas measured in compartment
5 under the upper-surface akin (fig. 4). Because of the
peculiarities of the thmtthg systenq calculations indicated
that compartment 5 vrouIclbe the most criticaLto outflow.

Spanwise surveys of section wake-drag coefficient over the
part of the model cowxed with the porous skin indicated
appreciable ~ariations m mike drag Examples of these
variations are shown in @ure 8 for codguration 3. The
lmge -mriationa, occurring only over the outer portions of
the bronze akin, were due to disturbances originating at or
near the junctures between the bronze sti and the solid
modeI end sections; o-rer a spanw.ke region of approximately
4 inches at the center of the bronze skin, the measured wake
drag coefficients were rather constant. The wake drags and
boundary-layer ~easurements presented herein were o~
tained at the center region of the model and are belie~ed to
correspond to the true tvrdinmnsional conditions and to be
eesent.ially uninfluenced by the flow disturbances outside
this region. All wake drags were measured with a survey
ruke located at about 70 percent of the chord behind the
model trailing edge. Bonndmy-Iaygr measurements were
obtained -with a conventional muhitube %nouee” (reference
11) located on the center line of the upper surface of con-
@ration 1 at 83 percent of the chord. Station 0.83c was
the most rearward position at which the mouse could be
mounted conveniently. Tho tests were made for ReynoIds
numbers up to 19.8X1@ and for suction-flow coeilicienti, up
to 0.01 rnth the model set at zero angle of attack.

RESULTS &t DLSCUSS1OFI

THEORETICAL

h order to provide a standard of comps,riaon for the ex-
pwimentaI results, the characteristics of the Iaminar bound-
ary Iayer were calculated for flow into the surface of the
X’ACA WO1O airfoil at. an angle of attack of O“. The
minimum suction quantities rtecessaxy to keep the Inmimr
boundary Iayer neutrally stable over the entire surface at
ReynoIds nnmbers of 6Xl@, 15X1(P, sad 25X IOEvrere
computed. The stability of the boundary Iayer was also
in~estigated for cases in which the veloeity through the
surface was everywhere the same.

The boundmy-layer velocity prdks and thicknesses were
c@culat ed by the Scldichting method (reference 8), an ap-
pro-ximatemethod. The velocity profiles of the Schlichting
method are a singk-parameter family of curves for w-hichthe
pammeter dependa on the velocity of flow into the surface,
the preesure gradient aIong the surface, the boundary-layer

“ thicknees, and the kinematic wiscosity of the fluid. The
single-parameter famiIy of VWIocityprofdes is used with the
boundm~-layer-rnomentum equation to obkin a fikorder
differential equation. In the cahlations, the diierential
equation of reference 8 was integrated by Eulei% step-by-
step method. lu the process.of iutegrating the differential
equation, the boundary-Iayer profles and boundary-layer
thicknesses are found at eaeh point along “thewing surface.
The Iengths of the steps in the “integration process were
about the same for all the calculations and were so small that
halving them made no imporkmt difference for theno-suction
case and u Re.mokle number of 25X ld.

In order to begin the cakxdatioq the value of ~> the rate

of change of a representative boundary-layer-thidmesa
parameter, at z=O (reference 8) was tdcen as zero. This

dz
due of — vrasfound from the equation

d~

..-

.-

.n -

—.

-—

which n-as obtained by appI~ L’Hospital’s Rule to the

equation for & equation (30) of reference 8. In order to

continue the caIcuIationa WIfar as the trading edge of the . . .
airfoil, it vms necessary to modi& slightly the %Michting -,
method b-j- extrapolation of the curves in figures 5 and 6 of
reference 8 beyond the value of k for which the Schlichting “ ‘-
method breaks down. The recommendation of reference 8 _
that separation be assumed to exist when k equals —0.0682
vias ignored in order to avoid the contradiction that the
boundary-layer profde can become more conv~ and, at the
same time, approach separation.
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Lin’s approximate formila (reference 1) was used to eal-
culate the ReynoIds rmmb.erR&G,at which any SAIicht ing
velocity profile is neutrally stable. The stability theory as
originally derived assumed that. the boundary-layer thiclc-
ncss and velocity distribution did not vary with clistanc~
along the surface. Pretsch (reference 12), however, showed
that the ratw of variations in the thicknew and l-elocity
CMribution which normally occur can have only a second-
order effect on the stability. Lin’s stability theory may be
used, therefore, to calculate the stability of boundary layers
in the presence of pressure gradients. When combined
with the Wlichting method, Liu’s formula becomes

& =P-K(2-:)12’(%)1 .—

or +i.c~

where u, is equal to the value of u for.which

_T(*),[3_’(%)?]”’”(%)
ufu

~ulv ~ =0.58

(–)dq

mld where the subscript 1derIotes “at surface.” The applica-
tion of Lin’s formula to the ScMichting profles results in the
curve of figure 9 which shows the variation of the critical
Reynolds number RS*C,with change in the Schlichting
velocity-profile shape parameter K. In figure 10 a’reshown
velocity profiles for three values of K.
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Fmrme 9.-Theoretieal varfation of critical boondary-layer Reynolds numk.w with
bonn(iery-kyer sbaIM ~ter.

A special procedure was used to calculate lIN tlistribution
of the velocity of flow through thv surfticc tht was neccsst~
to keep thr boundary layer ncutrally sttible, Iii.= ]/t*Cr, For
these cases, suetion was begun at. the firs~stution Rt which
the boulidary layer would become unstable without suction.
The special method depends on the fact that t1](*condition
of neutral stabiIity, Rd.,,=Ra., cap lx written ns

.-

or

,.
w-hereI& ~,,~) and @ fire functions only of K. The nunwri-

known value of z at the station at which htim begins, K‘r,
crm be found from the value of y & 1~. All tlKIq unn~ i-Uo
ties necxsary to proceed to the nexb sttiticm by thc skp-
by-step integration process can be. cakulakd wcc K k dc-
termked. The talc.ulalion of these quantities provides the
~alue of the lodsuct ion-velocity ratio rJ15~o,

In figure 11 arc presented the curws of lit. nnd fI’J.~rRS
determined from the calculation for the suction flow rcquirrd
to keep the boundary layer neutrally stabh’ at all points on
the airfoiI at UReynolds number of 15X 106. TLc ralcuhtcd

ID 1’ I -KT-8 ofpr~fle

.8
A~ymfo+k.-/ + —- —

.6 —— .-..—. - .—. ?

S@

.4 .-.L- -—.— -——
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0 “.123
4~e56”7’8s

JWuxtE 10.–BeveraI buundsry-layw profiles for values O(sh.qw pwaructer h- M calculated
by Seblichting.

~ 700Q

2
$ &loo
c

k

$2000
$

0 ./ .2 .3 .4 ...5 .6
Chm-dwise ds%mce a.bfig

.

.

t r EE 11.—Theoretl@J ehcrdwl-w vfutatIon ti boundsmlascrReynoldsnum~Nr M th -.
NAC.A64AO1Oairfoil for RIO-W.,; R- M.OXIIY;CU-0JW405; cad.
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variation of ro/LTOo~er one surface is shown in figure 12.
The suction ffo-ivrequired to keep the boundary Iayer neu-
trally stabIe decreases eIo-ivIyas the region of falling pressure
on the airfoiI surface is traversed. When the region of risirg
pressure is entered, the required suction rises rapidIy and
continues to increase to the trailing edge. The summary of
the results of the computations for the minimum suction
quantities is presented in figure 13. ,..,

In figure 14 are presented curves of I&=, and RJ. for cases
where ra/Uois the same over the entire surface. The figures
ihstmte thut by a sticient increase in the -due of the

suction parameter ~ @ the position at which the boundary

Iayer first becomes &st.able on the N’ACA 64AO1Oairfoil
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can be made to jump from the trailing edge to the region
near the leading edge. It may be of interest to note from
figure 14 (a) that the Reyuolds number can be increased con-
siderably and that the suction coefficient can be decreased
appreciably without e.xpos~~ much of the trailing surface
to turbulent flow.

The curves of R,.e and R,. can be found at any Reynolds
number, when they are known at ona ReynoIds number and

one due of rO/Uo,b-y noting that. if%@ does not varyu,
tith ReynoIds number t-hen the RJ.= cur~e k &dependent

of Reynolds number and

(1)

-.

—

-.--

Thus, for a given distribution of ~ ~, vihich reetits in a
o

fixed distribution of R,.m, the R,* curve for the same distribu-

tion of ~. ~~ but some other R cm be found by equation (l).”
.

At some value of R, R,- wilI touch and yet not cross
the R8.=, cum-e at only one point. (See fig. 14.) This
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procedure results in one point on the curve of figure 13
which shows the variation of R with the ninimum CQrequired
to produce fuII-chord laminar stability. Other points on the
curve of figure 13 may be found by application of the fore-

going procedyre to other choices of $@? which resuh in

other RP= distributions.
Because the’first theoretical studies of the eflects of suction

on boundary-layer stability were made for the flow over a
flat plate, it was thought of interest @ include the curve for
the flat plate in @ure 13 wherein .ik ~ illustrated that no
suction is required to keep the flow stabIeon a flaj plate when
the Reynolds number is suflkiently low. This result ~ in
contrast to that for the airfoil which, because of the adverse

pressuregradient over its rear portion, rcquirca suction at all
ReynoMs numbers to maintain laminnr flow to h trailing
edge. Figuro 13, however, indicdas tho rather surprising
result that in order to keep full-chord lamirtarflow at lingo
Reynolds numbers the NACA 64AO1Oairfoil requires smaller
dues of CQthan are required for a flat plate. This Outcorno
seemsmasmabIe because, near the loading edge wl.mrobo~h
the flatplate and the airfoil bmomo critical at high Reynolds
numbers, the airfoil profits from the axistenca of a favorablo
pressuregradient which iucrmses the criticrdboundary-layer
Reynolds number and decrmses tho actual boundn,ry-ktyor
Reynolds number over that of the flat pM.o for tho samo
free-stream Reynolds numbw.

o .00/ .002 .Ocs .(W4 .005 .006 .007 .008 .fxn .010 “-
SUCirnn-flowcoefficii~ft .Cg

(a) Wokedras.
(b) Suction drag and total drag.

FIOUEE18.-Varfation of =tfon dreg m@clonts with enctkm-ffow ocdfkient for poroue bronza NACA &tAOIOairfoil model.
%
7-7.ZX1O-; M.o% eonffgoration 1.

$ H-t,Porous bro”nz
;~ .008 , (R=30.zI06~
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Wake drag.-The variation of section wak~ag Coticienfi
with suction-flow coefikient is shown in figure 15(a) foi
ReynoIds numbers up to 16.7X108 for cordlguration 1. TIM
static pressure in the interior of this model arrangement -was
everywhere the same.

At a Reynolds number of 3.0X IO@the section wake-drag
coefficient for CQ>0.0028 was constmt and equsl to about
0.0008. For a Reynokls number of 5.9X10B and for
cQ>(i.0050° the wakdrag coefficient remained practiwdIy
constant at 0.0005. The wake drag at ReyuoIds numbers
of 9.0X108, 12.0X 10a, and 16.7X IOB,however, decreased
steadily with increase m t?Q but never became km then the
lowest drags obtained at a ReynoIds number of 5.9x1 o’,
even for a suction-flow coficient as high as 0.010.

The rapid increase of c% that occurred with decreasing CQ

for vfdues of ~Q slightly km than 0.0024 at a Reynokls num-
ber of 3.0X10B and for values of C@less than about 0.0048
at a Reynokla number of 5.9X106 was oausdd by a rapid
forward shift of the point of transition from Iaminar to turbu-
kmt flow. The curves in figure 16 show that at 83 peroent
of the chord, at a ReynoIds number of 6.0X 106,tie bound~y
layer on the upper surface was Iaminar for a CQof 0.0048 but
was turbuIent for onIy a sIightIy lower 00 of 0.0046. Other
boundary-layer surveys, not presented harein, indioated that,
whenever a rapid increase in drtg ccmflicientaccompanied a
smaUdecrease in flow coeflkient, the boundary layer changed
rapidly from Iaminar to turbulent over a Iarge portion of the
surface.

Outflow bug% the surface occurred when the static pres-
sure inside the skin was greater than the minimum static
pressure on the outside of the airfoil. The curves of Ck
against (?Qare shown in figure 15 (a) as dash Iines when
outflow occurred Iota.lly and as soIid lines when Mow
occurred over the whole airfoil. At ReynoIds rmrnbers of
3.0 X106 and 5.9X106 the vahes of minimum CQrequired to
prevent outiow are seen to be very near the yalue of CQ at
which the drag changes rapidIy. It seems probabIe that oub
flow produced the rapid forward shift of the transition point

up A I II
q

.4 0 aoo48
u .0046

.2

i
1 1 1 1 ) I I I t I 1 I f I

o ~4 .00@? .Wf2 .00/5 .CQ20 .0024 .d2%
@?

~GUEE 16.-~-@ei’ CJUWYS Ih tWOl’8heS Of SUCtfGU-fiOWCO&&kntW 6tdf0n
0.S3ccmupper 6nrfiu?%of poroushronm NACIA MAO1OEMWI model. 0cm3guratfon I;
R-&oxl~ aid.

at Ieast for ReymoIdsnumbers up to 5.9x106. From the p~ots
of Ck against Ca tie Ioweet CQ for which no OU*OWocourred
at ewh Reynolds number is seen to increase with increasing
ReynoIds number. This increase of the minimum value of
CQwith ReynoIds number is a rewdt of the linear variation of ~
flow velocity through the sintered bronze with pr~ure drop
acros9 the surface; the minimum CQfor no outflow increases
with the free-stream Reynolds number. A more detailed _
tieatment of this subject is presented in appendix A.

‘iVake-dragmeasurementsforReynoIdsnumbersof 9.0X IOB,
12.0X”10E,and 16.7X108 &a shown in @e 15 (a) indi- ..=
cated that Iaminar flow was probably not maintained over
the complete chord of the model. The gradual decrease of . ~
wake-drag coefficient with increasing flow coefficient may
have been caused either by a gradual rearward movement of
the trmsition pornt with increasing flow coeflioient or by a
mere reduction in the size of the turbulent boundary Iayer.
The extreme thinness of the boundary Iayer at these high _
ReyuoIds numbers prevented an accurate determination of
its shape even near the trailing edge. lt shouhl be noted that
full-chord Iaminar

.—
flow was not maintained even though the _

suction pre=pres m.re strfikient to prevent outllow. The-
oretiod calculations for a ReynoIds number of 16.7X10’ for “-
the conjuration end irdlow distribution tested indicated . ...”
that the Iaminar boundary layer ahouId have been very
stable.

The basis for a powilde expIanat-ion of the transition
difmdties at the higher ReynoIds number is indicated in
reference 13. M is shomu therein that the presence of a .-
surface projection wilI cause premature transition of a
1a.minarboundary layer when the ReynoIds number based on. ..
the h@ht of the projection sad the veIooity at the top of the _
projection exceeds a critical value that is dependent on the
geometry of the projection.

J41thoughthe numerous protuberances on the bronze skin -,
~ere sanded ta very d dimensions, calmdat.ionsindicated
that the reIativel$ Im-geamount of sucfiion near the leading .L
edge-of the modeI so tied the boundary layer (especially
at the higher ReynoIds numbers) that even the particka
forming the materiaI prcbabIy projected completely through
the boundary Iayer. Because of the high veIooity at the top
of the particles at the high ReynoIds nurnbera, it seems
entirely possible that the critical Reynokls number for the
roughness was exceeded in spite of its small height, and thus
large disturbances were introduced inta the boundary-Iayer _-
flow. The relatively high drag coefEcients measured under
such conditions of roughness show that the suction-t~e
proille is not stable to suilkiently Iarge disturbances. The
relative stability of the suction-type and no-suction-type
profles to tite disturbances is an important probIem for _
future resesxch.

The cMcuIties associated with obtainbg Iow drag at high ““
values of the R@noIds number are seen from the foregoing
discussion to resuh from nonuniformi@- of the chordwise
inflow distribution (excessive suction near Ieading edge)
and from the surface irreguhxcitiesof the material. If the . ..
Re~l& number is increased by increasing the vahe of . .
UO/Pwhile the size of the modeI is held constant, the inflow
distribution becomes increasingly nonuniform (see equation
(A4), appendix A) and the ratio of the size of the roughness
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to the boundary-la.yor thic.kneesincreases, Both of these ef-
fects are unfavorable for obtaining low drag at high Reynolds
numbers. On, the other hand, if c,O/tis held cogstant (go
change in the type of matoria.1used) and if the ReynoIds
number is increased by increasing the chord of the modeI,
the inflow distribution w-illremain unchanged but the ratio
of the size of the roughness to the boundary-layer thiclums
will vary inversely as the.square root of the Reynolds .num-.
her. For this reason, it seems likely that favorable results”
can be obtained more easily with a large model than with a
small one.

Total drag.-The measured preesure-loss coefficient for
[he suction air was used to calculate the section suction-drag
coefficient ancl the results are shown in figure 15 (b). The
suction-drag coefficient based. on. the modeI chord was @
culnted as (7PX (?Q, which is the drag equivalent of the power
required to pump the suction air back to free-stream to~al
pressure. (Seo appendix B.) In this method of calculating
suction drag, the over-all pumping efficiency is considered
to be equal to that of the main propulsive system.

As may be seen in figure 15 (b), the variation of CAwas
assumed to be linear with C’Qfor all Reynolds numbe~
because of the small variation in Ck which averaged about
1.32. Inasmuch as there is no induced drag on a two-
dimensionnl model, the total drag is the sum of the suction
and wake drags. As shown in figure 15 (b), the minimum
total drag at a Reynolds number of 3.0X 10°occurred at a
(7Qof about 0,0024, which was slightly less than the mini-
mum Ca required to prevent outflow; the minimum tOtlal-
drag coefficient of 0.0042 is an. inappreciable improvement
over 0.0043, the drag coefficicnk of a solid NACA 64AoI0
airfoil with a smooth and faired surface at a .Reynolds nW-
ber of 3.0X 10s (shown in figure 15 (b) aa taken from refer-
ence 9). The porous modeI, however, did not have a com-
pletely smooth and faired surface, and a test made with the
surface sealed resulted in a no-suction-drag coefficient of
approximately 0.0052. The value of. 0,0052 is probqbly
somewhat low inasmuch as the surface was seaIed ‘with
external applications of water glass and wax; as a remit,
the surface texture was una-vo~dalJyimproved over that for
the unscaled condition although the waviness of the surface
was probably not ailected. The. no-suction-drag coeftlcient,
therefore, wouId probably be somewhat greater than 0.0052
but less than 0.0092, the vahe for the extreme condition of
standard leading-eclge roughness on the solid airfoil (r~fer-
ence 9). The minimum totaIdrag coeilicient increased with
increasing Reynolds number with the result that, at a
ReynoIds number only slightly greater than 3.OX 10°, no
decrease in total drag was obtained by suction. A large
proportion of the total drag consisted of suction drag because
of the exces5ive amounts of air required @ the leading-edge
and trailing-edge surfacw of the airfofl in order to prevent
outflow at the minimum pressure point.

The total amouut of air that needs to Lo withdrawn in ..
order to_prevent outflow can be greatIy reduced by applying
suction s,eparakly to small portions of the airfoil surf~lcr.
This purpose was accomplished by dividing h umlcreliin
region into separate compartmcn b (configumt ion 2) as
desmibe~previously in tho section entitled’ ‘llodcl.” “’-.

COhTIGURATION 2

Wake drag.-~ake~rag tests made on tho con~pml-
mented model. (configuration 2) previous to lho test~ rc-
po~ted herein indicated that the nose should bc scaled for .
about 1 inch back from tho leading edgo (fig. 4) in order to
obtain Iow drags at reasonable suetion cocfficicnW. l’1.w
character of the flow at the leading edge MOM ihc nose was ~
sealed was not cIearly est.abhshcd,but early tranei~ionprol~-
ably occurred because of ewxssivo loctil outflo!v Uem! 111(’ .,
nose where the @&rna.I-pressure vmiaJion ovw the first
compartment was very large. A better understanding of
these outflow difficulties may be gained from the discussion.
on compartmentation in appendix A.

As shown in f3gure 17 (a), the section wake-drag cociTi-
cient for the model with sealed noso and compmtmcnts ym
less than 0,0010 (for Reynolds munbcrsas high as 7.8X106)
for suction-flow coefficients tluatranged from 0.0015.ULa Rcy-
nohls number of 3.0X106 to abou~ 0.0035 at a Rcqmohls
number of 7,8X 10s. At a Reynolds number of 9.1X106
the wake drag remained greater thnn 0,0030 CVCRfor fh
coefficients as high as 0.0040. Failure to obt~in lower ~vakc
drags ~yas believed to result from the presence of outllow.
Although no outflow and low wake drngs might hwve been ““
obtained ..at higher suction-flow coefficients, thc tohd drag
would ngt have been reduced because of the oxcmsivo stw- _
tion drags that woul\lhave resuhed from thp large SUC[ion
quantities.

A comparison of figures 15 (a) and 17 (a) indimtcs thot
for equal Reynolds numbers the minimum suction-flow
coefficients for which low wake drags were obtnined for Ihc
eompartmcnted model were about one-tbird -of those re-
quired for configuration 1. The largest Reynolds numlw
at which low drag occurred was also cxtcwlcd by compnrt-
menting tho mQdel. Thus, low wake clings might bc ob-
tajned at Reynolds munbem higher than 7.8X106 and a~
suction-flow coefficients lower than 0.0035 if the chordwisc
distribution of suc.t.ionwere further cent.rolhd. . .

Total drag,-Throughout the low-drag range Lho,aycrggc
total-pressure loss in the suction air for the compnrtmcnlcd
model corresponded to an avcrrige pressurdoes cocfflcicnt
of about 1,40.. This averngo loss coefXciinb was uscd to
comput~ the suction-drag coeilicient that could be expectcd
for an airfoil compnrtmentcd in the samo nmnw m the
model tested. TLc sum of the wake and surtion drags is
sho~vnin figure 17 (b). At ReynoIds numbcm of 3.0X O* _
and 5.9X 10e the minimum cd, was about 0.0@8. L!.-

,-
.

.,
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higher Reynolds numbers the minimum c&Twas Iarger
because of the larger CQ necessary for Iow wake drags.
In spite of the larger Ca at a Reynolds number of 7.8X.106,
the miniium totrklrag coefficient, 0.0048, ~ae ody idightiy
greater than the drag coefficient for the smooth soIid-urface
model of the same contour (reference 9) and somewhat

less than the drag ‘coef%c.ient for the porous bronze modeI “.
with the skin entireIy sealed to suction.

.-

The oveiwdl .gahi in compartmenting the model maybe
sein by comparing the total dregs in figures 15 (b) rmd 17 (b)
from which it is seen that at a ReynoIds number of 5.9X106 ‘-
the total drag of t-hecomparhrwnted model (cor&gurat,iog 2)

SUcflon-ffowCoeffkienf,&

--

(a)wakedrng.
(b) SuctfOn ~ and total dm%

FIGUBE 17.—V8rbtionofsectkmdragco4kknts with suctton-Emv coeftkkt for Pcmms bronzo 2W0A 6MO1Oairfofl modd. ~-,.
%
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was only 40 percent of that for the uncompartmented model
(con&ration 1). In an attempt to improve further the
chordwise inflow- distribution and thus to obtain full-chord
laminar flow and reductions in total drag at larger values
of the Reynolds number, the model was equipped with a
porous aintered-bronze surface of much Iower porosity
(cofiguratioq 3) as described previously in the section
entitIed WfodeI.”

CONFIGIJEATION~
Wake drag.—The leading edge of this model configuration

was sealed to the 5-perceM-chord station, which is approxi-
mately the chordwise station ahead of which no suction is
required theoretically to maintain the bounda~-layer

ReynoMs number less thau the critical valuo for all tat
ReynoMs numbers anticipated (figs. 11 and 14). Tho
section wake-drag coefficients are plotted agttimt suction-
flow coefficient in ilgure 18 (a) for Reynolds numbers from
5.9X106 to 19.8X106. Tho static pressure in tlw interior
of this model arrangement wus everywhcro the samo as it
was for the case of configuration 1.

The variation of drag coefficient with suction-flow coelTN
cient CQia simiIar for rdl Reynolds numbcra in~cstigatcd;
that is, an abrupt decrease in drag cocflicient to a duo
of about 0.000S occurs a,tsomo critical value of Co dependent
upon the Reynolds numbm and is followed by a much
more gradual decrease with rm incream in Ca. Full-chord

.006 ,

. . .. . ,. H-
,,, ,,,

Solidmodel withSmQOfh surface
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(a) Wakadrag.
(b) Total drag and suction drag.

2’IGWBElS.-VaIIEtion of section drag we.mclanta with snolion-flm weflicient for porwns bronze NACA 64AO1OafrfoflmodeL :-2,&3xllT%awe”;eenagurat[on8.
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Iaminm flow is indicated” for all values of -mdre~ag co-
efficient of about 0.0008 or leas, inasmuch as boundary-
Iayer profies measured during tests of codgnration I
indicated that the boundary Iayer changed rapidIy from
turbulent over a large portion of the airfoiI to lmninm over
virtually t-hefull chord whenever a huge decrease in drag
accompanied a small increase in flow coefficient. The
gradurd reduction in drag with a further increase m CQ
above the value at which the Iarge drag chamge occurs
corresponds only to a progreesi~e thinning of the full-chord
hm.rinar boundary layer. For the teats of cordigumtions
I and 2, the sudden forward movement in point of t.ramition
from laminar to turbulent flow with a small decrease in (7Q
was caused by outflow of air through the surface when the
static pressure inaide the skin was greater than the minimum
static pressure on the outside of the airfoil. For the tests
of configuration 3, however, the skin was dense enough so
that no outflow of air occurred for au vahes of CQ investigated
at Reyuokls numbers up to at least 15X106.

The probabIe cause of the rapid increase in drag and
corresponding forward movement of transition observed in
the tests of configuration 3 at Reynolds numbers up to
15X 106 is reveaIed by a comparison of the mdues of ~Q at
which the rapid drag rises occurred (fig. 18 (a)) with the
minimum theoretical vahm of CQ required to keep the
Iaminar boundary Iayer stable. The e.sperimentalvalues of
~Q at which the rapid drag rkes occurred fOr configuration 3
me pIotted in figure 13 for ease of comparisori. The mini-
mum esperimenttdvahms of CQ for fuhhord kuni.narflow are
of the same order of magnitude as the theoretical vaIues and
decrease with m increase in Reynolds number in the same
manner as the theoretimI up to a ReynoIda number of
15x 10U. N“ooutfiow of air is known to have existed up to a
ReynoIda number of 15X 10a and because of the sealed nose
which prevented excessive suction at the leading edge and
the especitiy smooth surface of this model configuration, it
is believed that roughness did not cause transition at the low
values of ~Q; therefore, the sudden drag rise piobably oc-
curred when the suction became insufhient (at least over a
portion of the airfoil chord) to stabiIize the Iaminar boundary
Iayer. At a Reynolds number of 19.8X106 out.tlom of air
rather tb inaufilcient suction is IilceIy to have caused the
rapid drag risewith a decrease in (7Q. For the porous bronze
skin used in the t%ts of configuration 3, a value of C, equal
to 1.32 was measured at a due of CQof about 0.0007 at
a ReynoMs number of 19.8X108. The -w Iocal
pressure on the airfofl exterior w-hen mounted m the wind
tunnel cmresponds to a value of pressure coefficient S equal
to about 1.3L Ihasmuch as CPdecreases with a decrease in
CQ,a VdUe of CQdightiy ~omr than 0.0007 would reardt in
outflow of air through the surface and forward movement in
transition from Imninar to turbulent flow.

The maximum Reynolds number at which recorded data
were obtained was 19.8X 10°. During the tests, ho-ivever,
at a value of CQ k than 0.001, full-chord kimbar flow was
maintained up b a Reyaokle number of about 24X108 as
evidanced by a visual observation of the drag manometer
which indicated values of the drag coafticient of about
0.0006. Unfortfiately, however, a sudden change in the
model occurred before any data could be recorded. It was

found that the bronze skin had buckled to su&. an extent ..
that it was impossible to repeat the full-chord Iaminar-tlow
tests at ReynoIds numbers somewhat Iower than !20)(106, _
although before the skin took the permment-set, repetition
of the low-drag results could be made.

Total drag.-The dashed curve of figure 18 (b) repra%nts
.—

the variation of C&with CQfor an assumed constant value of --
C.. equal to 1.32. This value of CP was chosen in order to

.——

present an indication of the minimum suctiondrag coefficient __
required to maintain full-chord Iaminar flow at any value of ‘-
the suction-flow coefEcient and Reynolds number. Aa

-—

pointed out in the previous section entitled “’Wake drag” a —
vaIue of CPslightly lower than 1.32 would resdt in outflow of.
air through the surface nem the 0.40c position and a for-ward.—
movement in the position of transition. The cur%s of sec-
tion totakirag coefficient pIotted a=mimtC@(fig. 18 (b)) me
the sums of the suction and -wake drags. The roinimw ,‘ --
section total-drag coefficient decreased with an increase in ..__-—
ReyuoIda nunibar because of the decrease ti- (?Q required to _. _
obtain Io-iv -wake drags. At a Reymokls number ~. -._.
19.8X 106the minimum CC=was 0.0017 as compared tith a
vahe of about 0.0045 (estimated from data of reference 14)
for an ITACA 6&&O10airfoil without boundary-layer control

.—

at a Re~oIds number of 20X 10H.
..-

COfilPARISONBETWEENTEllOllY AND EXPERL%l13NT

The theoretical variations of R,., R,.=r, and OJTO with
s/c cannot be compared with experiment because local inflow -E
velocities and boundary-Iayer ve~ocity profiles were not
measured. The theoretical total+uction quantities oan, ‘-
however, be compared with the total-auction quantities at
the knees of the curves of wakedrag coef6cimt agafit .
suction-flow coefficient. .-

The foLlowingtable contains the results of the &mparieon __
between theory and eqeriment:

+’-H 1 ‘ “

MWmIII*rLe9of CQfir Iamlnar stabllfty

Theoretical
R

~~

Neutral Ca+olt Co&lny O* Gn&v
stability

: :xIm -------- llmIs2 0.-
0:~6

0.0016 -==.
.W3m .W8 .0u5

7.6 .c0X4 --—–-
.

.cw24 --–––.
i.S .Oml .ms _-__m-- .cm4 .-–—

.W . mm -—- .-——--
IH .m44 .Wo67 -— —--- X&
15.0 .0w41 .0m41 —- —-
KL 8 .oms7 .Wo54 —-—- –-—– . m

. .

Although the chordwiae MO w distribution for codgum- ‘“‘j
tion 3 was more uniform than for either of the previous con-
figurations and although the minimum experimental values of
CQforkninar stabihty agree very closely with the theoretical . .~.
vahms of ~Q for a constant chordwiae tiow, the close agree-
ment cannot be construed as a quantitative check of the
theory inasmuch as it is known that the experimental chord- “-
wise inflow distribution was not constaat.

As shown in the table the minimum experhaental wduea of
CQ for Iow wake drags for con&urationa 1 and 2 were appre- “’--..-—
ciabIy greater than the theoretical valu= and also increased ..
with an inoreaee in free-stream Reynolds number in contrmt
to the trend indicated by the theory. This experimental
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variation of minimum Co with Reynolds number for con-
figurations I ahd 2 was shown previomdy to be a result of
outflow of air through the surface and the fact that the mini-
mum OQ for iIicipient outflow increases with the Reynolds
number. (See’ appendix A.] l~en it became possible to
attain lower values of (7Qfor incipient outflow at a given
Retynoldsnumber by means of the dense skin of configuration
3, the minimum vahwa of CQbecame of the same order of
magnitude as the theoretical vahes and had the same trend
with ReynoIds. number as predicted by theory; that is, the
minimum CQd!ikreasedwith an increase in Reynolds number
up to the maximum test Reynolds number at which outflow
of air once again prevented a further decrease m (?Qfor fulI-
chord Iaminar flow. It appears, therefore, that the theo-
retical concepts with regard to area auction are valid; the
ReynoIds number itielf, then, should not be a limiting param-
eter in attainment of full-chord Iamina.rffow provided that
the airfoil surfaces are kept sufficiently smooth and fair and
provided that outflow of air through the surface is prevented.

Quantitative information on the effects of surface rough-
ness or fairness on the stability of the Iaminar bounda~
layer, however, is not yet available although some indications
of adverse effects of roughnew on the ability to maintain full-
c.herd laminar flow were discussed previously. Another in-
dication of the adveme effecte of surf~ca roughness was
obtained during a preliminary test run on configuration 1
before the model surfaces-were winded;”

For this condition, numerous protuberances existed of
sufficient magnitude to cause premature trtmsit,ionof the
boundary Iajer at a Reynolds number as low as 3.OX 106;
lt is possibIe, however, that the excessive suction at and near
the modeI kading edge may have unduly decreased the
boundary-layer thickness relative to the size of the proj ec-
tions; thus,the sensitivity of the boundary layer to the exist.ing
disturbances waaunnecessarily increased. This explanation,
as discussed previously, was prompted by the work of
reference 13. Although surface roughness did not appear to
oause transition on the seaIed-nose con@urationa (configura-
tions 2 and 3) for the combinations of Reynolds numbers

and flow ratm that were tested, it is bdicvcd that with other
combinations of Reynokls numbers and suction rates (at
least for the same model) the boundary layer could become
thin enough to allow the surface roughness to cause transition.
More information cm the effects of area suction on the stabiJ-
ity of the laminar boundary layer in the presence of surface
disturbances is still required before it can he determined
whether area suction can be made practical for the control
of the laminar boundary layer.

CONCLUDING REMARKS

Results were presented of a Iow-turbulence wind-tunnel
investigation of an NACA 64AO1OairfoiIwith porous surfaces
of sintered bronze. Full-chord Iaminar flow was nmintainod
by the application of area suction up to a Reyuolds number
of 19.8X106. At a ReynoIds number of 19.8X10, the-
total-drag coefficient (wake drag plus the drag equiwdcnt
of the suction power required) was equal to 0.0017 as com-
pared with an estimated value of 0,0045 for a smooth and
fair IVACA 64AO1Oairfoil without boundary-layer control at
a Refiolds number of 20X106. The minimum experi-
mental vahes of suction-ffow coefficient for fuII-chord laminar
flo\Ywere of the same order of rnagnit.udcas the tlwnctical
values and decreased with an increase in Reyuolds numhr
in the same manner as the t.heoreticaIvaIues, It scwns likely
from the results that attainment of fall-chord lmninar flow
by means of continuous suction through a porous surfaco
wiIl not be precluded by a further increase in Reynolds num-
ber provided that the airfoil surfaces m-c maintained sufT~-
ciently smooth and fair and provided that- outflow of. air
through the surface is prevented. Further reacarch is
required, however, to determine quantitatively the cflcct of
finitiedisturbances on the stability of suction-typo veIociLy
profiles. .

LANGLEYAERONA~ICALLABORATORY, -
..-

hTAmotiti ADVISORY~OMMITTEEFORAERONAUTICS,
LANGLEYFIELD,TTA.,March 30,19.51.
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APPENDIX A

SLYTEEED-BRONZE SUCTION BEQUJRE%lENTS

SeveraI important conclusions maybe drawn from a study
of the conditions that cause Iocal outflow- through a porous
sintered-bronze sheet installed on an airfoiI as a boundary.
Iayer suction surface. Outflow occurs through any point on
the skin -wherethe Iocal static pressure on the inside of the
skin is greater than the local external static pressure despite
the existence of a ditlerence in pressures at all other point-s
such ss to produce inflow. An internal pressure just low
enough to pre-i-entoutflow at same critical point produces an
average value of area auction-flow coefficient which depends
on the porosity chaxacterist.icsof the material.

For a given type of sintered bronze, the veIocity into the
surface varies &rectIy as the pressure drop across the surface
and inversely as the thickness of the sheet and the absolute
viscosity of the fluid; thus,

(Al)

A dimensional analysis wiII show that the factor c,, has the
dimensions of length’. This length is reIated to the effective
diameter of the pasaagw leading through the rn-ateriel- So
Iong as the flow is of the purely viscous type, the value of C.O
for a specific piece of porous material maybe expected te be
independent of the physical characteristics of the fluid passing
through the material-that is, the viscosity and density.

Inssmuch as the suction-drag coellicient increases directIy
a-s the suction-flow coefficient CQ (see appendix B), it is of
interest to note the manner in which the porosity reIation,
equation (Al), tiecta the *W CQ ne=ary to Prevfd

outflow. The a~erage mea suction-flow coefficient for both
sides of a two-dimensiond airfoil may be written as

(–!_ $– hoods
cQ=m–

Uocb
(M)

where the quantity of suction air ia obtained by integmtrng
the inflow veIocity Q over both upper and Iovmr surfaces ea
indicated by the Iine integral sign. The inflow velocity given
by equation (Al) maybe rewritten as

““=-(%”)[(=O;=’)-(=%)l‘M)

FOR THE CASE OF IN”CIPIEXTLOCAL OUTFLOW

where Hf is equal to the internal static prwsure because the
internal vdocity, and therefore the dynamic prwmre, is
extremely lo-iv. The two relations in equation (A3),
HO–H, ;d H;–p

!10
—~ are the suction pressurdoss coeflickd

!70

and the external tioiI pressure coefficient, respectively.
The inflow veIocity at any point ia now

Vo= –C* (c.+

or

(A4)

The suction-flow coefllcient for the whole wing can now be
mitten as

cQ=–
C,”R$~ (C.–S)d: (A5)

It maybe seen by equation (A5) that, if conditions of airfoiI
pressure coefficient and suction preasureks coefficient re- -_
main fixed for a given porous-skin model wherein cm,t, and c
are Kxed, the value of GQto be associated with a given value of

$
(CF–S’) d: ti very linearIy with R. Thus, for the out-

flow vaIue of the integral where (7Pequals S at some point
on the airfoil tmd ia higher at all other points, the value of
CQcorresponding to outdowwill increaselinearIytith incres9-
ing 1?,a redt approximately in agreement with eq3riruentaI
remdts.

h order to have like test conditions for like Reynolds num-
ber as p, U& c, and g are varied, it- ia necessmy that c~ft
vary directIy with c. When modeIs of &fTerent chords are
geometric.sly similar to the extent that t ia proportional to c,
then cmmust vary directly as Ca. This result would be ex-
pected since it means that tie effective di.uneter of the pas-
sage must vary directly as the chord; that is, the geodetical
similarity must incIude the detakd geometry of the structure
of the porous material, a9 weIl as the over-all dimensions of
the model.-

For I&e airfoils of difTerentchords covered with the same
porous mate.rk& equation (A4) indicate that the inflow
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distribution at any chordwiae position is unchanged if R is
proportional to c-that is, if UO/vis a constant. Thus, if
the same airfoiI profle were used throughout the span of a
tapered wing and the wing were entireIy covered with the
same porous material, the inflow distribution would be similar
for all sections of the tapered wing for the convenient condi-
tion of a constant suction pre9suretithin the wing.

Compartmentation of an area-suction model can be used.as
a method for improving the chordwise inflow distribution so
that excessive suction flows will not occur at my point, but,
if this method is used, each compartment must be considered
as a source of outflow. The flow remo~ed through each com-
partment can be decreased by decreasing the pressure drop
across the porous surface with a throttling detica; and thus
the efective CPbased on the static pressure in the compart-
ment becomes less for no outflow than the (7Pthat wotid be
required at the point of maximum 8 on the airfoil. ($ee
fig. 2.) The net result of compartmenting the vrhoIea&foiIis

that for no outflow the sum of the incremonhd values of CQfor
each compartment wilIbe less than the minimum CQrequired
for no outffow for the uncompartmentcd modeI; further-
more, the greater the number of cmnpartmcnts, tha greatar
is the decrease in the value of tohd CQfor incipimt outflow.
The end point of more and more compartments is that th

chordwim inflow distribution can be sehto any volue dosirad.
The greatest di.fliculty in compartmsnting is expericmced
at and near the nose where even very small compartments
must combat a very high chordwise change in pressure drop
and thus of inflow distribution because of largo variations
in the external presw.re. Inasmuch as ex@no compart-
mentation may remdt in an immense construction probkun,
it may be more desirable ta provide a skin which has a
chordwise variation of porosity that will produce the desir~
inflow distribution. Such a skin could be obtained by a
chordwise variation of either the thickness or tho density of
the matariaI.



APPENDIX B

DETERMINATION OF SUCTION-DRAG COEFFICIENT

If it is assumed that the suction air is pumped back to
free-stream totaI pressure by a blower and duct system
which together ha~e sn efficiency of q., then the pom-erre-
quired may be written as

~= Q(Ho-Hi)

v.

where Ei is the wrerage total pressure of t.lfe auction as
measured at- a point under the surface of the wing and HO
is the free-atie~m totsl pressure.

If the flow quantity is expreesed as the suction-flow
coefficient

~
‘Q= ~TO~C

and the tohd pressure defect k expressed as a pressudose
coeilkient

~p=H,–H,
!70

then the power may be written as

~= CQfi’iccP~O

qs
(EI1)

If this amount of power were to be supplied by the airplane
propulsive system of e&iency ~p, then the equivalent drag
ta be associated with this power could be written as

~_Pq.
Uo .

or

(Bz)

where the equivalent drag is expressed in terms of a suct.ion-
drag coeilicient based on the area of the wing.

—.—

Equations (B1) and (B2) permit the suction-drag coefi-
cient to be expressed as

On the conditionthat the blower system operat~ as tici~tiy” -

ss the propukhe system, the.suction-drag coefficientreduces

to ..

“(B3)
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